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Abstract 

 

Thionine (Th) diazonium cation is covalently attached onto the glassy carbon (GC) electrode via 

graphene nanosheets (GNs) (GC-GNs-Th). The GC-GNs-Th electrode is subjected to further 

modifications to fabricate (i) glucose and (ii) nitrite sensors. Further modifications include: 

(i) direct immobilization of glucose oxidase (GOx) and (ii) electrodeposition of gold dendrite-like 

nanostructures (DGNs) on the GC-GNs-Th surface, constructing GC-GNs-Th-GOx and 

GC-GNs-Th-DGNs modified electrodes, respectively. The GC-GNs-Th-GOx biosensor exhibited 

a linear response range to glucose, from 0.5 to 6.0 mM, with a limit of detection (LOD) of 

9.6 M and high sensitivity of 43.2 µA cm
2

 mM
1

. Also, the GC-GNs-Th-DGNs sensor showed 

a wide dynamic response range for NO2

 ion with two linear parts, from 0.05 M to 1.0 M and 

30.0 M to 1.0 mM, a sensitivity of 263.2 A mM
−1

 and a LOD of 0.01 M. Applicability of the 

modified electrodes was successfully tested by determination of glucose in human blood serum 

and nitrite in water based on addition/recovery tests.  
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1. Introduction 

Graphene nanosheets (GNs), the rapidly rising stars of carbon nanomaterials with a sp
2
 hybrid 

carbon network, have much theoretical and experimental applications, compared to other carbon 

materials due to their exceptional electronic, optical, high charge mobility and large surface area 

properties (Geim, 2009; Li et al., 2008; Li et al., 2009; Ling et al., 2010; Novoselov et al., 2004). 

Functionalization, dispersion and decoration of graphene nanosheets are of crucial importance for 

their applications (Georgakilas et al., 2012; Kuila et al., 2012; Yin et al, 2015). To explore 

potential applications of graphene, several versatile methods have been established for 

functionalization of graphene based on reduction of diazonium salts through chemical or 

electrochemical grafting processes (Belanger et al., 2011; Hetemi et al., 2014; Lange et al., 2011; 

Wang et al., 2009). 

Electrochemical grafting of organic molecules can be carried out by using various precursors 

such as amines, carboxylates, alcohols and diazonium salts (Belanger et al., 2011). In effect, 

electrografting strategies based on diazonium salts are irreversible and strong (Belanger et al., 

2011; Hetemi et al., 2014). The most relevant example is direct grafting of aryl diazoniums 

(ArN
2+

) to the surface. This modification procedure leads to formation of strong CC bonds 

between thin films and substrates, which benefit of several advantages as thermal stability, 

electrochemical stability over a wide range of potentials, and possibility to introduce different 

functional groups at the thin films on the surface (Brooksby et al., 2005; D’Amours and 

Belanger, 2003; Georgakilas et al., 2012). 
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Thionine (Th), an artificial organic dye derivative of phenothiazine, has been widely used in 

photogalvanic cells and electrochemical sensors and biosensors (Deng et al. 2012; Gao et al. 

2003; Ghica et al., 2015; Portaccioa et al., 2013). Usually, the Th supported onto the GNs or 

electropolymerized on the electrode surface (Guo
 
et al., 2013; Zhu

 
et al., 2012) based on 

non-covalent bonds, suffers from low stability and leaking from electrode surface to the bulk 

solution. Thus, a novel functional Th-nanomaterial should be designed to prevent effectively the 

leakage of the mediator and improve the stability of the biosensor. 

Recently, the electrochemical reductive adsorption of aryl diazonium salts has received 

increasing attention (Gooding and Ciampi, 2011). Despite the advantages of this method, to the 

best of our knowledge, there is no report on the use of direct introduction of aryl diazonium salts 

onto the GNs for preparation of highly active catalysts for sensing and biosensing applications. In 

addition, the fabrication of gold dendrite-like nanostructures (DGNs) has been an active research 

area because of its morphology-dependent optical, electronic, and catalytic properties and their 

promising applications in sensing and biosensing (Gautham et al., 2010; Liu et al., 2013; Yin 

et al, 2015). 

Regarding the advanced features of the GNs, Th and DGNs, herein we have developed for the 

first time, a new two-step electrochemical approach to synthesize a new electrocatalyst on the 

glassy carbon (GC) electrode. The modification is based on GNs formed by electrochemical 

reduction of graphene oxide (GO), and the thionine electrochemically grafted via its diazonium 

form onto the GC-GNs surface via GNs-Th covalent bond. Thus, GC-GNs-Th is further 

decorated with (i) glucose oxidase (GOx) and (ii) DGNs through electrostatic attraction and 

covalent interaction to construct GC-GNs-Th-GOx and GC-GNs-Th-DGNs electrodes. Finally, 

the electrodes were tested successfully for selective recognition of glucose and nitrite, 

respectively.  
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2. Experimental section 

2.1. Material and Reagents 

Graphite powder (1 to 2 micron), HAuCl4·3H2O, Th, GOx, (Aspergillus Niger 20,000 units/g, 

EC 1.1.3.4) and other chemicals were of analytical grade obtained from commercial sources 

(Sigma-Aldrich


 or Merck


). All solutions were prepared with double-distilled water. Stoke 

solutions of 10 mM glucose and nitrite 30 mM were prepared in 0.1 M PBS, pH 7.0, and stored 

overnight at 4 
o
C under argon atmosphere before use. 

 

2.2. Preparation of GC-GNs electrode 

Graphene oxide (GO) was synthesized by the Hummer’s method (Hummers and Offeman, 1958),
 

partially modified in our group (Shervedani and Amini, 2014, see also Supporting Information, 

Section 1). The GC electrode (0.0314 cm
2
) was cleaned by polishing with 1 and 0.3 m alumina 

powder sequentially, and then, washed ultrasonically in ethanol and water for a few minutes, 

respectively. 

A 20 mL mixture including 2.0 mg mL
−1

 GO was prepared in aqueous solution, stirred, and 

sonicated in an ultrasonic bath (Bandlin, HF 35 kHz) for 2h to prepare GO suspension solution 

for deposition. The GC-GNs electrode was prepared using clean GC electrode as follows: 

A 20 L sample of GO solution was dropped onto the clean GC electrode (or ITO) and dried 

under air to attach GO onto the GC surface, forming GC-GO (or ITO-GO) electrode. The 

electrochemical cell was filled with 0.1 M KNO3 solution. The GC-GO electrode was placed into 

the cell, its potential was cycled, 20 mV s
−1

, between 0.000 and 1.300 V vs. Ag/AgCl at room 
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temperature up to ~7 cycles to reduce GO to GNs (Lu et al., 2013), forming GC-GNs (or 

ITO-GNs) (Fig. S1, Supporting Information). 

 

2.3. Preparation of GC-GNs-Th-GOx and GC-GNs-Th- DGNs electrodes 

Amine diazonium cation was generated based on Belanger method (Lyskawa and 

Belanger, 2006) with some modifications in our group. The GC-GNs electrode surface was 

modified with Th via in-situ generated aryl diazonium cation based on electrochemical reduction 

of corresponding aniline function of Th in acidic media. Typically, 7.0 mg of Th was 

predissolved in 5 mL of 0.5 M HCl solution, and mixed with 3.5 mg sodium nitrite predissolved 

in 5 mL of double-distilled water. The mixture was degassed with argon and left at 0 °C for about 

15 min to react and form diazotation mixture. The electrografting was immediately performed in 

the diazotation mixture on GC-GNs electrode surface by cycling the electrode potential between 

0.000 to −0.800 V at 50 mV s
−1

 (four cycles). Formation of Th on GC-GNs electrode surface was 

completed after three cycles resulting GC-GNs-Th electrode. For the fabrication of 

GC-GNs-Th-GOx electrode, five L of GOx solution (5 mg mL
−1

) was coated onto the 

GCE-GNs-Th electrode surface and dried at 4 
o
C in air. 

The GC-GNs-Th-DGNs electrode was prepared by electrodeposition of Au onto the GC-GNs-Th 

electrodes in 0.1 M H2SO4 aqueous solution containing 0.2 mM HAuCl4 at −0.200 V for 90 s. 

 

2.4. Apparatus and Physicochemical Characterization 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a VG Microtech Twin anode 

XR3E2 X-ray source and a concentric hemispherical analyzer operated at a base pressure of 

5  10
10

 mbar using Al K (h  1486.6 eV). The XPS measurements have been performed on 



6 

 

the ITO-GO and ITO-GN samples. Field emission scanning electron microscopic (FESEM) 

images were acquired using a scanning electron microscope (SEM, Hitachi S4160, Cold Field 

Emission, Japan). Compositional analysis of the sample was completed by an Energy Dispersive 

X-ray (EDX) microanalyzer attached to the FESEM. Surface Raman spectra were collected on a 

SENTERRA Raman spectrometer using 745 nm laser excitation. All the electrochemical studies 

are performed at 25  2 
◦
C using a three-electrode assembly glass cell including, a Ag/AgCl 

(3 M KCl) electrode as reference electrode, a large area Pt as counter electrode (70 times larger 

than that of the working electrode), and the modified GC disk as working electrode. The cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were 

carried out on Autolab Potentiostat/Galvanostat101 instrument equipped with a frequency 

response analyzer, and controlled by Nova 1.8 Software (Eco Chemie, Utrecht, the Netherlands). 

The EIS data were approximated using ZView2.3f


 software, considering the fit criteria and 

using appropriate electrical equivalent circuit built in this software, from which kinetic 

parameters were extracted (Shervedani et al., 2011). 

 

3. Results and discussion 

3.1. Fabrication of GCE-GNs and GCE-GNs-Th modified electrodes 

Modifications of the surface are schematically represented in Scheme 1. (see Section 2.2, also 

Fig. S1). 

Here Scheme 1 

 

Surface morphology and topographical details of the GC-GO and GC-GNs electrodes were 

characterized by using FESEM (Fig. 1A and 1B) and EDX (Fig. S2, Supporting Information). 
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The shape of GNs and GO are regularly flake-like (like bride-white-dress) and slightly wrinkled, 

exhibiting many interlaced edges. A comparison between the EDX profile obtained on 

the GC-GO with that obtained on GC-GNs (Fig. S2 and Tables S1 and S2, Supporting 

Information) indicates a notable decrease in oxygen content, from 19.7 to 3.2 wt.%, implying that 

the oxygen functionalities are significantly decreased from GC-GO to GC-GNs electrodes. 

 

Here Fig. 1 

 

Surface Raman spectroscopy is a widely applied tool to characterize carbon products based 

on variations in the Raman intensities of the conjugated and double carbon−carbon bonds. The G 

and D bands of carbon products are assigned to the E2g phonon of sp
2
 carbon atom and the 

breathing mode of K-point phonons of A1g symmetry, respectively (Kudin et al., 2008; Raj and 

John, 2013). The Raman spectra of the ITO/GO and ITO/GNs are shown in Fig. 2A. 

The GO is characterized by typical bands, D band at 1320 cm
1

 and G-band at 1590 cm
1

, which 

are representatives of sp
3
 and sp

2
 carbon hybridization,

 
respectively (Graf et al., 2007; 

Stankovich et al., 2007). After the electrochemical reduction of GO to GNs, the intensity of 

D-band is increased, and the G-band place is shifted to lower frequency region (1579 cm
1

), 

supporting the reduction of GO to GNs (Stankovich et al., 2007). 

The XPS measurements were performed to trace electrochemical reduction of GO to GNs. 

Figs. 2B and 2D show the XPS survey spectrum of ITO-GO and ITO-GNs-Th electrodes.  

 

Here Fig. 2 
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The peak observed at 284.5 eV corresponds to the C1s of sp
2
 carbon (Graf et al., 2007), and that 

observed at 531 eV corresponds to the O1s of various oxygen functional groups. The intensity 

ratio of C/O peaks was calculated as 1.61 (Fig. 2B). After electrochemical reduction of GO 

attached onto ITO substrate, the XPS spectrum showed a significant variation in the C/O 

intensity ratio of the peaks of C1s and O1s. Namely, the C/O intensity ratio has been increased 

from 1.61 to 4.82 upon electrochemical reduction of ITO-GO to GNs-modified ITO (Fig. 2D). 

This is due to the removal a significant fraction of oxygen functional groups from the surface 

of GO. 

The high-resolution C1s XPS spectra ITO-GO (Fig. 2C) is fitted with different components of 

oxygen-containing functional groups: nonoxygenated C at 286.6, epoxy carbon at 

288.8 eV, carbonyl carbon at 288.7 eV (Wang et al., 2011). The presence of a C-N bond was also 

detected at approximately 287.7 eV, which is of a higher energy than the C-O interaction 

(Fig. 2E). The presence of the C-N peak indicates that the N covalently bonded to the GC-GNs, 

and thus, supports successful incorporation immobilization of Th into the exfoliated GNs. 

In addition, the N1s spectra (Fig. 2F) shows a two broad peaks at the positions of 399.8 and 

399.6 eV, indicating the presence of two types of N bonding interaction in the structure of 

ITO-GNs-Th (Xu at al., 2008). 

The Th molecules were grafted onto the GC-GNs surface by a simple electrochemical reduction 

process (Liu et al., 2011). The XPS spectrum of the ITO-GNs-Th electrode did not show 

significant difference with ITO-GNs, except the appearance of small peak at 405 eV (Fig. 2C), 

which could be due to the amine functionality of Th (for clarity only the spectrum of 

ITO-GNs-Th is presented). 
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Consecutive CVs recorded, in the range of 0.000 to 0.800 V vs. Ag/AgCl, during attachment of 

Th onto the GC, GC-GO and GC-GNs electrodes are presented in Fig. S3. The first CV recorded 

during attachment of Th onto the GC-GNs surface shows a broad irreversible wave located 

around 0.30 V (Fig. S3-C). The CV currents are significantly decreased upon recording the 

second CV, indicating passivation of the GNs surface by formation (electrografting) a monolayer 

of Th on the surface(please note that the electrografted Th is not electroactive in this potential 

window, see Section 3.2). 

The broad irreversible waves observed on GC-Th and GC-GO-Th electrodes are located almost 

around 0.50 V, indicating that electrochemical reduction/adsorption of Th diazonium cation on 

GC-GNs electrode is shifted to more facile direction by almost a value of 0.200 V, compared 

with GC and GC-GO electrodes. More facile attachment of the Th on the GNs can be due to high 

reactivity of the edge sites of GNs layers toward Th. 

The GC-GNs-Th surface (Fig. 1C) exhibits a wrinkle-like thin sheet (like 

mother-bride-gray-dress), which should be an interesting feature of GNs structure for next steps 

of the modifications, attachment of GOx or DGNs. 

 

3.2. Determination surface concentration of immobilized thionine by CV and EIS 

Surface concentration of attached Th on the GC-GNs-Th electrode is determined by CV and 

supported by the EIS findings. The CVs obtained in Ar-saturated 0.1 M PBS, pH 7.0 on GCE 

after each step of modification in the potential region of 0.300 to 0.300 V vs. Ag/AgCl where 

Th is electrochemically active (Unnikrishnan et al., 2013), are presented in Fig. S4. While the 

CVs obtained on GC and GC-GNs electrodes (curve a and b) are featureless, the GC-GNs-Th 

electrode displays a wide redox wave (curve c) around the potential of −0.060 V with relatively 
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large currents, which can be attributed to the confined redox reaction of the Th attached onto the 

GC-GNs surface. A reversible redox wave with smaller currents is observed for GC-Th electrode. 

The peak current obtained on the GC-GNs-Th electrode is almost 12 times larger than that 

obtained on GCE-Th electrode. This behavior is attributed to (i) the high reactivity of the edge 

sites and (ii) large surface area of GNs, in comparison with GC-based electrode; allow loading 

more Th molecules to be ordered on the GC-GNs electrode surface. 

The surface concentration of Th on GC-Th and GC-GNs-Th electrode (ΓTh) can be obtained by 

using CV and EIS methods, where ΓTh,CV = Qcv/nFA and ΓTh,EIS = 4RTC/n
2
F

2
A 

(Kudin et al., 2006). Values of 1.23  10
10

 and 14.9  10
10

 mol cm
2

 are obtained for ΓTh,CV, 

and 1.11  10
10

 and 14.1  10
10 

mol cm
2

 for ΓTh,EIS on GC-Th and GC-GNs-Th electrodes, 

respectively (Figs. S4 and S5, and Table S3, Supporting Information). The EIS results are in 

good agreement with voltammetric findings, and both indicate that the value of Th immobilized 

on GC-GNs electrode is ~12 times larger than that immobilized on GC electrode. The 

GC-GNs-Th electrode is further modified and tested for biosensing applications. 

 

3.3. Biosensing applications and analytical performance 

Two sets of the GC-GNs-Th electrodes are prepared, modified further by GOx and DGNs 

separately, and tested for determination of biological species, glucose (Unnikrishnan et al., 

2013) and nitrite (Ding and Wang, 2010) 

 

3.3.1. Application for sensing of glucose 

3.3.1.1. Direct electrochemistry of GOx immobilized as the GC-GNs-Th electrode 
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A glucose biosensor can be developed using GC-GNs-Th electrode modified based on 

electrostatic adsorption of negatively charged GOx on positively charged functions of Th (Shams 

and Nasri, 2013) at these conditions (Scheme 1). 

The CVs obtained on GC-GNs (a), GC-GNs-Th (b), GC-GNs-GOx (c) and GC-GNs-Th-GOx (d) 

electrodes in 0.1 M PBS, pH 7.0, Ar-saturated at a scan rate of 50 mVs
1

 in the potential window 

of 0.800 to 0.200 V, where GOx is electroactive, are presented in Fig. 3A. Three points should 

be explained here. 

(i) While no faradaic current was observed for the CVs recorded on the GC-GNs (curve a) and 

GC-GNs-Th electrodes (curve b), a well-defined quasi-reversible redox wave is observed on the 

CVs of GC-GNs-GOx and GC-GNs-Th-GOx electrodes (curves c and d). Since no redox probe 

exists in the solution phase (also adsorbed Th is not electroactive in this potential window), the 

redox currents of the GC-GNs-Th-GOx should be ascribed only to the redox reaction of the 

immobilized GOx, i.e. to FAD + 2H+H2FAD. The control experiments revealed no significant 

adsorption of GOx on GC and GC-Th electrodes.  

 

Here Fig. 3 

 

(ii) The behavior of GC-GNs-GOx electrode (E
0
′ = 0.520 V and ΔEp = 0.062 V, Fig. 3A, 

curve c) are close to those previously reported (Unnikrishnan et al., 2013) on similar modified 

electrode (GCE/RGO-GOx), however, the activities of GC-GNs-Th-GOx electrode 

(E
0
′ = 0.046 V and ΔEp = 0.039 V, curve d) are significantly improved, displaying more 

reversible behavior. Notably, the peak current (Ip) observed on GC-GNs-Th-GOx electrode is 

considerably (~3.5 times) larger than that observed on GC-GNs-GOx electrode (curve c). The 
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enhanced redox peak current is attributed to larger amount of GOx molecules immobilized on 

GC-GNs-Th, and the smaller value of ΔEp to the efficient interaction and faster electron transfer 

between the enzyme and GC-GNs-Th platform, which may be called synergetic effect of surface 

and subsurface (Mu et al., 2011, Zhang et al., 2015). This is an interesting feature, demonstrating 

ability of the modifying film GNs-Th for immobilization and direct electron transfer of GOx at 

the GC electrode surface. 

(iii) Although adsorption of GOx onto the electrode is implicitly understood from the above 

discussion, the CV experiments were performed to further support this behavior. For details, 

variations of Ip vs. scan rate (Fig. S6), please see Supplementary Information, Section 6. 

 

3.3.1.2. Analytical performance of GC-GNs-Th-GOx for glucose 

The CVs obtained on the GC-GNs-Th-GOx as a function of glucose concentrations added into 

the testing cell solution (Fig. 3B) show that Ipc, related to the reduction of O2, is decreased by 

increasing the glucose concentration. The dynamic calibration curve extracted from CV 

responses against glucose concentration shows a linear behavior, ranging from 

0.5 to 6.0 mM glucose [as Ip/A = 1.2 Cglucose/mM  0.83, R
2
 = 0.9866], with a sensitivity of 

43.2 A cm
2

 mM
1

, and the limit of detection (LOD) of 9.6 0.42 M, where the LOD is 

evaluated for linear range based on signal = 3, and  is standard deviation for (n = 5) 

measurements on the GC-GNs-Th-GOx electrode in blank reagent testing solution. A comparison 

between the results obtained by using the currently designed biosensor with those reported on 

GNs-based electrodes (Table S4, Supporting Information) indicates that the sensitivity and 

detection limit of glucose in the present work are significantly improved. 
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3.3.2. Modification of GC-GNs-Th with DGN for sensing of NO2

  

Determination of nitrite ion (NO2

) is of great importance since nitrite is widely used in the 

environment, beverages, and food products as a preservative (Ding and Wang, 2010). Analytical 

methods developed for determination of nitrite ion are mainly based on spectrophotometry 

(Kuznetsov and Zemyatova, 2010), separation and chromatography (Michalski and 

Kurzyca, 2006) and electrochemistry (Yue
 
et al., 2011) techniques, however electrochemical 

techniques are preferred because of their several advantages (Kozub et al., 2010, see also 

Supporting Information, Section 7). 

 

3.3.2.1. Characterization the GC-GNs-Th-DGNs electrode 

(i) Topographical microanalysis; The micrographs of the modified electrode (Fig. 1E) indicates 

that electrodeposited gold forms relatively large dendrite-like nanostructures, DGNs (with length 

~1 μm and diameters up to hundreds of nanometers), on GC-GNs-Th surface which are 

uniformly distributed; however the gold deposited on the GC-GNs surface forms small 

nanoparticles, AuNPs (with average diameter of ~65 nm), also uniformly distributed. These 

results clearly demonstrate that the GNs-Th has a crucial effect on the morphology of the surface. 

A typical EDX spectrum obtained on the surface of GC-GNs-Th-DGNs electrode is presented in 

Fig. 1F, supporting the presence of DGNs (similar effect observed for AuNPs). The growth of 

DGNs on the surface of the GC-GNs-Th electrode is expected to increase the number of active 

sites and enhance the electrochemical activity of the surface towards electro-oxidation of nitrite.  

(ii) Electrochemical characterization; To support the presence of Au on the modified electrodes 

and estimate number of Au active sites (Au), potential of the GC-GNs-AuNPs and 

GC-GNs-Th-DGNs electrodes were cycled between 0.000 to 1.500 V vs. Ag/AgCl in 
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0.05 M sulfuric acid aqueous solution, where gold could be subjected to redox reaction. The 

steady-state voltammograms obtained on the studied electrodes are presented in Fig. S7. Values 

of 1.30  10
10 

mol cm
2

 and 5.2  10
10

 mol cm
2

 were obtained for AuNPs and DGNs based on 

 = Q/nF, where Q is the charge obtained from the area of the reduction peak observed around 

0.800 V, and n = 2 based on AuO/Au redox reaction (Hoare, 1984). 

The results show that not only the size and arrangement of the gold nanoparticles formed on these 

platforms, GC-GNs-AuNPs and GC-GNs-Th-DGNs, are different (Fig. 1E), but also the number 

of Au active sites (Au) of these electrodes are different [(DGNs/AuNPs) = 4]. Therefore, we 

expect to observe different electrocatalytic for these electrodes toward oxidation of NO2

 ion. 

 

3.3.2.2. Electrocatalytic activity of GC-GNs-Th-DGNs for oxidation of NO2

 

The CVs obtained on (a) blank (GC-GNs-Th, PBS, pH 7.4, without NO2

), (b) GC, (c) GC-GNs, 

(d) GC-GNs-Th, (e) GC-GNs-AuNPs and (f) GC-GNs-Th-DGNs electrodes in presence of 

1.0 mM nitrite are presented in Fig. 4A. The GC-GNs-Th-DGNs electrode shows a well-defined 

peak at +0.760 V for oxidation of nitrite, which is shifted by 90 mV to more facile direction (less 

positive potentials) compared with GC-GNs-Th electrode. Moreover, nitrite oxidation peak 

current observed at GC-GNs-Th-DGNs electrode is larger than that observed at GC-GNs-AuNPs 

and GC-GNs-Th electrodes. Both effects, decrease in the overpotential and increase in the 

current, indicate an electrocatalytic activity for the modified electrode towards oxidation of nitrite 

which is attributed to the presence Au on GC-GNs-Th-DGNs structure. 

 

3.3.2.3. Analytical performance of GC-GNs-Th-DGNs for NO2

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After optimization of the experimental conditions, nitrite was amperometrically detected on 

GC-GNs-Th-DGNs electrode. The electrode responded quickly to the oxidation of nitrite in a 

wide range of concentrations, monitored for successive additions of nitrite to the test 

solution (Fig. 4B). Accordingly, a wide dynamic range calibration curve varied from 

0.05 to 1.0 mM with two linear parts, from 0.05 to 1.0 M NO2

 

[as Ip(A) = 262.3[NO2]/mM  2.1, R
2
 = 0.9941] and from 30.0 to 1000.0 M NO2


 

[as Ip(A) = 100.1[NO2]/mM  3.6, R
2
 = 0.9976] and sensitivities of 262.3 A mM

−1
 and 

100.1 A mM
−1

 (Fig. 4B, inset) is obtained. The LOD evaluated for the lower linear range was 

0.01 M for (n = 5) measurements. The analytical characteristics of the method are compared 

with those previously reported for nitrite sensors, (Table S5, Supporting Information). Excellent 

electrochemical properties of the GC-GNs-Th-DGNs electrode toward the oxidation of NO2

 can 

be attributed to the large surface area and the special three-dimensional assembly of DGNs, 

compared with simple AuNPs formed on GC-GNs- AuNPs electrodes. 

 

Here Fig. 4 

 

3.3.2.4. Interference study 

Influence of the potential interferences on the determination of nitrite (Ding and Wang, 2010; 

Radhakrishnan et al., 2014) is evaluated by the amperometric method at EDC = 0.860 V and 

applying the method of mixed solutions. The results show that the GC-GNs-Th-DGNs electrode 

exhibits well-defined amperometric response toward 0.5 mM NO2

 without remarkable 

amperometric response for the additions of 1.0 mM of possible interferences, including Ca
2+

, 

Mg
2+

, Cu
2+

, F

, Br


, IO3


 and SO4

2
(Fig. S8, Supporting Information). 
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3.4. Reproducibility and repeatability of GC-GNs-Th-GOx and GC-GNs-Th-DGNs electrodes 

Reproducibility of the electrodes are investigated by recording the response of four identically 

prepared electrodes made of each type of materials, GC-GNs-Th-GOx and GC-GNs-Th-DGNs, 

and measured individually in the separate solutions of 1.5 mM glucose and 0.5 mM nitrite, 

respectively. The small relative standard deviations (RSDs) of 3.9% and 2.8% indicate high 

reproducibility of the method for preparation of GC-GNs-Th-GOx and GC-GNs-Th-DGNs 

electrodes, respectively. The repeatability of the electrodes is also verified. A set of five 

consecutive measurements is performed for one of the electrode of each type in 1.5 mM glucose 

and nitrite separate solutions. The obtained results with RSD of 3.1% and 2.3% demonstrate 

excellent repeatability for GC-GNs-Th-GOx and GC-GNs-Th-DGNs electrodes, respectively. 

  

3.5. Applicability of GC-GNs-Th-GOx and GC-GNs-Th-DGNs electrodes 

Applicability of the modified electrodes was tested by determination of (i) glucose in human 

blood serum samples on the GC-GNs-Th-GOx electrode, and (ii) nitrite in river water and 

mineral water samples GC-GNs-Th-DGNs, based on addition/recovery tests and utilization of the 

calibration curve method. The results are summarized in Table 1, supporting applicability of the 

modified electrodes for determination of glucose and nitrite ion in real samples. 

 

Here Table 1 

 

4. Conclusions 

Two types of nanomaterials were synthesized on the GC electrode surface by using thionine (Th), 

electrografted onto graphene nanosheets (GNs) via its diazonium salt, and then, decorated via 



17 

 

(i) electrostatic attachment of glucose oxidase (GOx) and (ii) electrodeposition of gold 

dendrite-like nanostructures. The fabricated electrodes, GC-GNs-Th-GOx and 

GC-GNs-Th-DGNs, were successfully tested for determination of glucose and NO2

 ion, 

respectively. 

(i) A sensitivity of 43.2 A cm
2

 mM
1

 and detection limit of 9.6 M M glucose was obtained 

based on direct electron transfer at the GC-GNs-Th-GOx electrode. 

(ii) Also, a sensitivity of 262.3 A mM
1

 and detection limit of 0.010 M NO2

 was obtained 

based on oxidation of NO2

 at the GC-GNs-Th-DGNs electrode. 

Applicability of the (i) GC-GNs-Th-GOx and (ii) GC-GNs-Th-DGNs electrodes was supported 

by results obtained for determination of (i) glucose in blood serum and (ii) nitrite ion in water 

samples, respectively. 
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Research Highlights 

 Thionine is grafted to GC-GNs & decorated with (i) GOx enzyme or (ii) nano-dendritic gold. 

 The GC-GNs-Th-GOx & GC-GNs-Th-DGNs electrodes are tested for biosensing intentions. 

 Glucose in blood serum and nitrite in water are determined successfully using these sensors. 

 Step-by-step of the work is traced by CV, EIS, SEM-EDX, Raman and XPS methods. 

 

 

Table 1. Results obtained for practicality of GC-GNs-Th-GOx for determination of glucose in 

human blood serum and GC-GNs-Th-DGNs for determination of nitrite in rainwater 

and river samples. Results are average of 4 measurements in each case. 

Sample Added (mM) Founded (mM) RSD (%) Recovery 

Serum sample ___ 0.400 3.9 ___ 

Sample 1 0.5 0.910 3.4 101.1 

Sample 2 0.5 1.380 4.1 98.5 

Sample 3 0.5 1.870 3.3 98.4 

Mineral  sample ___ 0.0030 2.1 ___ 

Sample 1 0.0050 0.0078 2.9 97.5 

Sample 2 0.0050 0.0131 2.6 102.3 

River  sample ___ 0.0050 2.3 ___ 

Sample 1 0.0050 0.0099 3.2 99.0 

Sample 2 0.0050 0.0148 2.6 98.6 

 

Figure Captions 
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Scheme 1. Schematic representation for the fabrication of the GC-GNs, GC-GNs-Th, 

GC-GNs-Th-GOx and GC-GNs-Th-DGNs electrodes. 

 

Figure 1. FESEM micrographs obtained on the (A) GC-GO, (B) GC-GNs, (C) GC-GNs-Th, 

(D) GC-GNs-AuNPs, (E) GC-GNs-Th-DGNs electrodes. (F) EDX patterns obtained 

on the GC-GNs-Th-DGNs electrode. 

 

Figure 2. (A) Raman spectra obtained on the surface of (a) ITO/GO and (b) ITO/GNs 

electrodes using 745 nm laser excitation. (B)  Survey XPS spectra obtained in the 

region of 0.0 to 1200.0 eV on the surface of ITO/GO, (C) High-resolution C1s 

spectra region of the ITO/GO, (D) the survey-scan XPS spectra obtained in the region 

of 0.0 to 1200.0 eV on the surface of ITO/GNs-Th electrodes, (E) and (F) High-

resolution C1s and N1s spectra region of the ITO/GNs-Th respectively. 

 

Figure 3. (A) The CVs of (a) GC-GNs, (b) GC-GNs-Th, (c) GC-GNs-GOx and 

(d) GC-GNs-Th-GOx in N2-saturated 0.1 M PBS, pH 7.4 at scan rate of 50 mV s
−1

. 

(B) The CVs obtained on the GC-GNs-Th-GOx as a function of glucose 

concentrations added into the testing cell solution, 0.1 M PBS, pH 7.4, saturated with 

oxygen. Inset shows linear variation of Ip,c vs. glucose concentration. 

 

Figure 4. (A) The CVs obtained on (a) blank (GC-GNs-Th, cell solution without nitrite), 

(b) GC, (c) GC-GNs, (d) GC-GNs-Th, (e) GC-GNs-AuNPs and 

(f) GC-GNs-Th-DGNs electrodes, cell solution containing PBS, pH 7.0, 

1.0 mM nitrite, scan rate: 50 mV s
1

. (B) Chronoamperometric response of the 

GC-GNs-Th-DGNs electrode at 0.86 V upon successive addition of nitrite into 

0.1 M PBS, pH 7.0 under a constant-rate stirring. The insets show amperometric 

responses of the electrode at low (B-a) and high (B-a) concentrations of nitrite ion. 
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